Abstract
Introduction.
The dynamic characteristics (natural frequency, mode shape and damping ratio) are important parameters of design. They can also be used to monitor the safe operation and reliable maintenance of machines and structures. The dynamic characteristics (resonance frequency, damping ratio and mode shape) of a mechanical system are usually estimated by fitting a model to the Frequency Response Function, a function derived from the input excitation (excitations) and output response (responses) of the system under investigation. The conventional modal analysis requires the measurement of the response (responses) as well as the excitation force (forces). The methods can be applied to a structure that can be easily excited into vibrations. The force is measured instantaneously by a load cell during its application to the structure. The response of the excitation is measured by an accelerometer (accelerometers) and from the inputoutput data, the dynamic characteristics of the system are obtained. However, some mechanical structures like dragline machines, offshore structures, bridges and nuclear power plants are very difficult to excite and the forces acting on them during their normal operations are not possible to measure. Nevertheless, the response of these structures can be measured quite comfortably. Several algorithms have been developed [1, 2, 3 ] which estimates the dynamic characteristics of the system by analyzing the response data only and have been applied to limited cases. These techniques are known as the Output-Only methods in the mechanical engineering discipline. In this study, two of these methods have been used to characterize the model boom of the dragline machine DRE -23 for the first time. The output -only methods used in this study are discussed briefly in the following section.
Mathematical Model
The Canonical Variate Analysis(CVA) and the Frequency Domain Decomposition (FDD) Output-Only methods were used in this study.
Canonical Variate Analysis (CVA)
The stochastic discrete time state space model can be written, when the input ( ) u k is not known as follows [1] . 
The state-space system controllability in general is expressed in terms of a controllability matrix, which is built up from the matrices A and B in Equation (1) .
For an Output-Only system, the inputs are neither measurable nor controllable. Nevertheless, in analogy with regular state-space formulation, we define a controllability matrix for output-only systems as
where
The matrices 
where k σ is the damping factor of the k-th mode k ω is the damped natural frequency of the k-th mode.
The damping ratio of the k-th mode is given by the equation
The mode shape { } ψ ,of the r-th mode at the sensor locations are the observed parts of the system
The Henkel matrix is created from the measured output data using the correlation matrix of the measured output vector [1, 4] :
The Henkel matrix is then written as
and its singular value decomposition is expressed as
where ( ) ( ) 
W and W are two user-defined invertible weighting matrices of size pxm. These weighting matrices can be determined from the following is the Toeplitz matrices, for which, the entries constant along each diagonal can be determined from equation.
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( 1 5 ) Assuming the full-rank factorisation of and
The CVA weighting is then as follows
An estimate of the observability matrix is then given by
The system matrices are then estimated up to similarity transformation, using the shift structure of
. Then the system matrices can be calculated as below.
[ ]
where, 
Frequency Domain Decomposition
The relationship between the unknown inputs ( ) ( )
(26) Using the Heaviside partial fraction theorem, equation can be re-written as follows
where K A is the k-th residue matrix of the output PSD. The residue matrix is an m m × hermitian and is given by
The contribution from the k-th mode is given by
where; k α is minus the real part of the pole
. In the case of light damping, the residue becomes proportional to the mode shape vector: 
After estimating the power spectral density matrix from the output responses, the next step is to decompose the PSD matrix by Singular Value Decomposition (SVD) technique. The spectral density matrix is decomposed into a set of auto spectral density functions, each corresponding to a single degree of freedom (SDOF) system. This is true in the case where the loading is by white noise, the structure is lightly damped and the mode shapes of the closely spaced modes are geometrically orthogonal. If these assumptions were not satisfied, the PSD decomposition into SDOF system would only be an approximation [5] . 
Physical Model
The model of the boom used in this study is shown in Figure1 which is 1/25 th of the actual boom. The boom was 6 m long consisted of hollow square tubes. The end of the boom was pinned to a rigid Y-frame, and was supported by cables at nodes at 110 and 210 as shown in Figure 2 . 
Results and Discussions
This study was conducted by exciting the boom with different kind of excitations. For impact hammer testing, the boom was excited at one nodal point and responses were measured at 9 nodal points by 9 accelerometers.
The impact hammer excitation and a typical response of the boom are shown in Figures 3a and 3b . The estimation of natural frequencies, damping ratios and mode shapes obtained by FDD and CVA methods from the responses due to the chirp, random and ambient excitations of the model boom are given in Table 1 . A detailed description of the measurements and excitations can be found in reference [2] . HB,VB, T represents horizontal bending, vertical bending and torsion respectively and 1,2, .. represents first, 2 nd etc. The dynamics of the experimental model boom was obtained by Pole/Residue complex model [2, 7] . The Frequency Response Function (FRF) and phage against frequency due to excitation at 28_y and response at 29_y are given in Figure 4 . The predicted dynamics by the pole/residue model are compared with the Output -Only methods in Table 2 . Figure 4 : FRF and phase against frequency due to excitation at 28_y and response at 29_y. (3-dimensional) as the number of accelerometers were increased. Estimation of natural frequencies by FEA was higher as it was very difficult to represents the joints of the suspension cable in FEA. However, the first four modes were MAC paired with the conventional as well as the Output -Only methods. CVA method worked better than the FDD method under noise excitation, however, FDD method was able to estimate closely spaced and repeated mode.
